The core subcompartment of the nucleus accumbens (NAcore) contributes significantly to behavioral responses following motivationally relevant stimuli, including drug-induced, stress-induced, and cue-induced reinstatement of cocaine seeking. Projections from NAcore that could carry information necessary to initiate reinstated cocaine seeking include outputs via the indirect pathway to the dorsolateral subcompartment of the ventral pallidum (dlVP) and through the direct pathway to the medial substantia nigra (SN). Here we used an optogenetic strategy to determine whether the dlVP or nigral projections from the NAcore are necessary for cocaine seeking initiated by a cocaine and conditioned cue combination in rats extinguished from cocaine self-administration. Rats were pretreated in the NAcore with an adeno-associated virus expressing the inhibitory opsin archaerhodopsin, and fiber-optic cannulae were implanted above the indirect pathway axon terminal field in the dlVP, or the direct pathway terminal field in the SN. Inhibiting the indirect pathway to the dlVP, but not the direct pathway to the SN, prevented cocaine-plus-cue-induced reinstatement. We also examined projections back to the NAcore from the ventral tegmental area (VTA) and dlVP. Inhibiting the dlVP to NAcore projection did not alter, while inhibiting VTA afferents abolished reinstated cocaine seeking. Localization of green fluorescent protein reporter expression and whole-cell patch electrophysiology were used to verify opsin expression. These data reveal a circuit involving activation of VTA inputs to the NAcore and NAcore projections through the indirect pathway to the dlVP as critical for cocaine-plus-cue-induced reinstatement of cocaine seeking.
Introduction
Cocaine addiction is a disorder characterized by chronic relapses stemming from maladaptive behaviors that lead to drug consumption, often with grave personal and social consequences. Studies with cocaine addicts reveal marked changes in the structure and activity of brain circuits regulating reward and cognition (Ersche et al., 2011; Goldstein and Volkow, 2011) . Similar results are seen in animal models of relapse, including neuroadaptations in the nucleus accumbens and the circuitry in which the accumbens is embedded (Wolf, 2010) . The accumbens has a major physiological role in integrating and translating environmental stimuli into motivated behaviors (Koob and Volkow, 2010) , and undergoes a number of enduring cocaine-induced cellular adaptations thought to contribute to the vulnerability to relapse, including changes in excitatory regulation of medium spiny neurons (MSNs; Wolf, 2010; Lüscher and Malenka, 2011) .
Recently, we used an optogenetic strategy using adenoassociated virus (AAV) delivery of the inhibitory opsin archaerhodopsin (ArchT) in the reinstatement animal model of cocaine relapse, to show that inhibiting prelimbic prefrontal cortex (PL) glutamatergic input to the core subcompartment of the nucleus accumbens (NAcore) prevents reinstated cocaine seeking (Stefanik et al., 2013) . Here we use the same approach to determine the role of projections from the NAcore in reinstated cocaine seeking. Output from the NAcore consists of two populations of MSNs based on whether they contribute to the direct projection to the medial substantia nigra (SN) or the indirect projection to the dorsolateral ventral pallidum (dlVP; Heimer et al., 1991; Gerfen and Surmeier, 2011; Lobo and Nestler, 2011; Smith et al., 2013) . MSNs are also divided into two populations according to their selective expression of dopamine receptors. While D1-expressing MSNs comprise the direct pathway, the indirect projection to the dlVP contains afferents from both D1-expressing and D2-expressing MSNs (Lu et al., 1998; Smith et al., 2013) . Using cell-type selective opsin expression, activation of D1-expressing MSNs in the accumbens potentiates reward, while D2 activation inhibits reward (Lobo et al., 2010; Kravitz et al., 2012) . The brain circuitry underlying cocaine reward and the development of cocaine-seeking behavior is partly distinct from relapse (reinstated cocaine seeking; Kalivas and Volkow, 2005; Koob and Volkow, 2010; Lüscher and Malenka, 2011) . Therefore, we designed experiments to examine the relative contributions of direct NAcore projections to the medial SN and indirect projections to the dlVP in reinstated cocaine seeking. We also evaluated involvement of the reciprocal GABAergic projection from the dlVP back to the NAcore (Hakan et al., 1992; Churchill and Ka-livas, 1994) , and the mixed dopamine/glutamate/GABA projection from the ventral tegmental area (VTA) to the NAcore Brown et al., 2012; van Zessen et al., 2012) . From these experiments, we conclude that activity in a circuit containing projections from the PL and VTA to the NAcore and from the NAcore to the dlVP is necessary for reinstated cocaine seeking.
Materials and Methods
Animal housing and surgery. Male Sprague Dawley rats (250 -300 g; Charles River Laboratories) were single housed in a facility accredited by the Association for the Assessment and Accreditation of Laboratory and Animal Care. The animals were kept under temperature-controlled and humidity-controlled conditions with a 12 h reverse light/dark cycle (lights on at 6:00 P.M.). Rats were fed ad libitum until 7 d postsurgery, after which food was restricted to four chow pellets per day. Water was always available ad libitum. All methods used were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Medical University of South Carolina Institutional Animal Care and Use Committee.
Surgery followed 1 week of acclimation and handling. Rats underwent surgeries for injection of AAV, implantation of cannulae, and implantation of indwelling jugular catheters under ketamine HCl (87.5 mg/kg Ketaset, Fort Dodge Animal Health) and xylazine (2 mg/ml Rompum, Bayer) anesthesia. For virus microinjections, 0.7 l of virus (rAAV2-CAG-ArchT-GFP or rAAV5-CMV-GFP, ϳ10
12 viral particles/ml; University of North Carolina Vector Core) was delivered bilaterally through a 33 ga needle (0.14 l/min for 5 min). This construct was chosen for its increased photocurrents relative to light-driven chloride pumps (such as halorhodopsin) as well as for the ability to recover completely following light cessation (Chow et al., 2010) . The needles were left in place for 10 min following injection to allow for diffusion away from the injection site, and then slowly retracted. For viral microinjections, the coordinates from bregma were as follows: NAcore: ϩ1.5 mm anteroposterior, Ϯ3.0 mm mediolateral, Ϫ6.5 mm dorsoventral from skull surface (9°angle); dlVP: Ϫ0.1 mm anteroposterior, Ϯ3.5 mm mediolateral, Ϫ8.2 mm dorsoventral (10°angle); VTA: Ϫ5.4 mm anteroposterior, Ϯ2.2 mm mediolateral, Ϫ9.1 mm dorsoventral (10°angle); SN, Ϫ5.4 mm anteroposterior, Ϯ2.4 mm mediolateral, Ϫ8.1 mm dorsoventral (10°angle).
Intrajugular catheters were implanted, as previously described . Catheters were flushed daily with cefazolin (0.2 ml of 0.1 g/ml) and heparin (0.2 ml of 100 IU) for 1 week, then daily with heparin for the remainder of the experiment to prevent infection and maintain catheter patency. Guide cannulae (20 ga; Plastics One) for retractable optic fibers or chronically implantable optic fibers (Precision Fiber) were implanted 0.5 mm dorsal to the site intended to receive light stimulation (Sparta et al., 2012) . Cannulae or chronic fibers were secured to the skull with small screws and dental acrylic, obdurators were inserted to prevent obstruction of the cannulae, and animals recovered for 1 week before behavioral training.
Self-administration, extinction, and reinstatement procedures. All training was conducted in standard operant chambers equipped with two retractable levers, a house light, cue light, and tone generator (2900 Hz; Med Associates). Food was removed for 24 h and then a single 15 h food training session was conducted where rats were trained to press the active lever for a single food pellet (45 mg; Noyes) on a fixed-ratio 1 (FR1) schedule. On the following day, animals began 2 h sessions of cocaine self-administration using an FR1 schedule with a 20 s time out. Active lever presses resulted in a 0.05 ml infusion of 200 g cocaine (dissolved in 0.9% sterile saline; National Institute on Drug Abuse) and the concurrent illumination of the stimulus light above the lever with a 2900 Hz tone for 5 s. Inactive lever presses were of no programmed consequence. Rats underwent self-administration 6 d/week for at least 2 weeks (a minimum of 12 sessions), until they met the maintenance criteria of Ն10 infusions of cocaine over 10 d, including the last 3 d of self-administration, as well as discrimination between the active and inactive levers (Ͼ75% lever presses on active lever). Rats not reaching these criteria after 4 weeks were excluded from the study.
Extinction training (2 h/d) began following the successful acquisition of cocaine self-administration. During extinction, active lever presses never resulted in a drug infusion or light/tone cue. All rats underwent at least 10 d of extinction, until active lever-pressing fell to Ͻ30% of the average responding during self-administration. For insertable fibers, optical manipulations required attaching a leash to the guide cannulae. Rats were habituated to the leash in three extinction sessions before reinstatement testing in which obdurators were removed and leashes attached for 2 h before as well as during the 2 h extinction session. For chronically implantable fibers, animals were habituated to the fibers for Ն3 sessions during extinction training. Immediately before testing, the fibers were attached and remained in place for the duration of the 2 h reinstatement session. Rats then underwent cocaine-plus-cue-primed reinstatement where they received a single injection of cocaine (10 mg/kg, i.p.) immediately before the session. During the reinstatement sessions, active lever presses produced the light/tone cues that had been present during selfadministration, but no cocaine was delivered. All animals underwent two reinstatement sessions, counterbalanced with respect to whether illumination was given.
Open-field locomotor activity. Following the completion of reinstatement testing, animals underwent open-field testing to examine the effects of optical illumination on locomotor activity. Activity was monitored in clear Plexiglas boxes by a series of 16 photobeams measuring horizontal activity. Beam breaks were counted and recorded by a computer running Digiscan software (AccuScan Instruments). Optic fibers were connected, animals were administered a 15 mg/kg intraperitoneal cocaine injection, and either sham or laser illumination was counterbalanced over the 60 min measurement periods after the animal was placed into the box.
Optical inhibition. The optical probes consisted of a 200 m optic fiber (multimode, 0.37 numerical apeture) that was inserted and epoxied into a 24 ga internal cannula, which extended 1 mm beyond the guide cannula, or a chronically implantable optic fiber housed in a stainless steel ferrule. For insertable probes, the fiber extended 0.5 mm beyond the end of the internal cannula, thus terminating ϳ0.5 mm dorsal to the site intended to receive light. During testing, the probe was inserted into the guide and secured to the head through a metal leash attached to the guide. For chronically implantable fibers, the fiber terminated 0.5 mm dorsal to the target site. To permit simultaneous, bilateral illumination, the other end of the optic fiber (FC/PC connection) was attached to a 2 ϫ 1 fiber splitter (Fibersense or Precision Fiber, respectively). The single end of the splitter was attached to a rotating optical commutator to relieve torque and permit ad libitum movement by the animal. The commutator was connected via a fiber to a laser (diode-pumped solid-state, 200 mW, 561 nm, multimode FC/PC fiber coupler connection; OEM Laser Systems). Light output was measured with an optical power meter and adjusted to ϳ10 mW of 561 nm light. Based on in vivo measurements of light output in mammalian brain tissue, these parameters would be expected to provide sufficient light for opsin activation in at least 0.4 mm 3 of tissue (Yizhar et al., 2011) . Light was applied continuously for the 2 h reinstatement or locomotor activity session. Continuous light delivery protocols (10 and 15 min duration) in ArchT-expressing neurons have previously been shown to inhibit neuron firing without desensitizing, and firing returned to baseline immediately after the light was turned off (Huff et al., 2013; Tsunematsu et al., 2013) . Using whole-cell patch recordings of ArchT-infected MSNs in NAcore, we also found that continuous light caused stable membrane hyperpolarization for 20 min, and when the light was extinguished the membrane potential immediately rose to baseline (M.T. Stefanik and Y.M Kupchik, unpublished observations).
Immunohistochemistry and imaging. Rats were anesthetized with pentobarbital (100 mg/ml, i.p.) and then transcardially perfused with PBS, pH 7.4, followed by PBS containing 4% (w/v) paraformaldehyde. Brains were postfixed for 24 h at room temperature in the perfusion solution. Coronal sections (50 m thick) were incubated for 60 min in 1% hydrogen peroxide, rinsed three times in PBS, and then incubated overnight in PBS containing 0.25% Triton X, 0.01% sodium azide, and anti-GFP (rabbit, 1:50,000; Abcam) antibody. Sections were then rinsed once in PBS and incubated for 30 min in PBS containing the biotinylated secondary antibody (donkey, 1:1000; Jackson Immunoresearch) for 30 min, rinsed four times in PBS, and incubated for 1 h in an ABC Kit (Vector Labs). Sections were then rinsed once in PBS and incubated in PBS with 0.05% diaminobenzidine with 0.05% hydrogen peroxide for ϳ5 min. Slices were then mounted and ArchT expression was visualized on a light microscope. For observation of native fluorescence, the GFP tag was excited using a helium/ neon 543 nm laser line with a GFP excitation filter on a Leica confocal microscope. Images were scanned at a system-optimized thickness along the z-axis, and the frame size for images was set at 1024 ϫ 1024 pixels.
Slice preparation and electrophysiological recordings. Separate cohorts of rats were prepared specifically for use in electrophysiological recordings. These rats were anesthetized with ketamine HCl (100 mg/kg) and decapitated. The brain was removed and sagittal slices (220 m) were prepared (VT1200S Leica Vibratome, Leica Microsystems) and collected into a vial containing aCSF [(in mM) 126 sodium chloride, 1.4 sodium phosphate, 25 sodium bicarbonate, 11 glucose, 1.2 magnesium chloride, 2.4 calcium chloride, 2.5 potassium chloride, 2.0 sodium pyruvate, 0.4 ascorbic acid, bubbled with 95% oxygen and 5% carbon dioxide] and a mixture of 5 mM kynurenic acid and 100 M MK-801 maleate. Slices were stored at room temperature until used. All recordings were made at 32°C (TC-344B, Warner Instrument) and in the presence of 10 M CNQX. Neurons were visualized with an Olympus BX51WI microscope. Multiclamp 700B (Molecular Devices) was used to record IPSCs under Ϫ80 mV voltage-clamp whole-cell configuration. Glass microelectrodes (1-2 M⍀) were filled with internal solution containing (in mM) the following: 68 potassium chloride, 65 D-gluconic acid potassium salt, 7.5 HEPES potassium, 1 EGTA, 1.25 MgCl 2 , 10 NaCl, 2.0 MgATP, and 0.4 NaGTP, pH 7.2-7.3, 275 mOsm. YFP fluorescence was induced using an X-Cite 120 PC fluorescent lamp (Lumen Dynamic Group) to verify injection site (ventral pallidum or NAcore) before patching a cell. After patching a cell, the optic fiber was positioned in the vicinity of the recorded cell. Recorded neurons were shown to be not infected by ArchT by delivering a laser pulse (561 nm) in the currentclamp mode. None of the recorded cells showed a change in the resting membrane potential during this laser pulse (data not shown). To measure the effect of the laser pulse on evoked IPSCs, an electrical stimulation was delivered using a bipolar electrode (FHC) every 30 s and the laser pulse was delivered every other stimulation. The bipolar stimulating electrode was placed ϳ200 -300 m rostral of the recorded cell in the ventral pallidum or SN, or caudal to the NAcore. The stimulation intensity was set to evoke ϳ50% of maximal IPSC. Laser pulse was 500 ms in duration and started 300 ms before the electrical pulse was delivered. For spontaneous IPSCs (sIPSCs) recordings were continuous with a 4 s laser pulse applied every 6 s. sIPSCs during the laser pulse were compared with the sIPSCs in the 4 s before each laser pulse. Data were acquired at 10 kHz, and filtered at 2 kHz using AxoGraph X software (AxoGraph Scientific). Series resistance (Rs), measured with a 2 mV depolarizing step (10 ms) given with each stimulus, and holding current were always monitored online. Recordings with unstable Rs, or when Rs exceeded 10 M⍀, were aborted.
Data analysis. A Kolmogorov-Smirnov test revealed that some of the reinstatement data were not normally distributed. Therefore a Friedman repeated-measures nonparametric test was used followed by a Dunn's post hoc analysis for multiple comparisons. Locomotor data were evaluated using a paired-sample Student's t test. Data were analyzed in Prism (GraphPad Software). Statistical significance was set at p Յ 0.05, and data are presented as mean Ϯ SEM.
Results

Optical inhibition of the indirect pathway
To assess necessary involvement of activity in the indirect pathway from the NAcore to the dlVP in cocaine-plus-cue-induced reinstated cocaine seeking, an AAV expressing the light-activated inhibitory proton pump archaerhodopsin (AAV-ArchT; Chow et al., 2010) was microinjected into the NAcore and optic fibers were inserted into the dlVP. Importantly, while the ventral pallidum contains both direct pathway neurons projecting out of the basal ganglia to the mediodorsal thalamus (Churchill et al., 1996) and indirect pathway ventral pallidal neurons projecting within the basal ganglia to the subthalamic nucleus and SN (Zahm, 1989; Bell et al., 1995) , the neurons projecting to the mediodorsal thalamus are overwhelmingly located in the ventromedial ventral pallidum. Thus, the dlVP contains almost exclusively the indirect pathway projecting ventral pallidum cells (Churchill et al., 1996; Smith et al., 2013) . By limiting fiber implantation to the dlVP, we targeted the indirect projection from NAcore MSNs (see Fig. 5 A, cannula placements in dlVP).
Following self-administration and extinction training (Fig.  1A) , animals underwent a cocaine-plus-cue-primed reinstatement in the presence or absence of ϳ10mW of 561 nm light in the dlVP using a counterbalanced, within-subjects design. Rats microinjected with control AAV-GFP were treated identically, except that they were injected with a virus that coded only for GFP expression. Figure 1B shows that the AAV-ArchT injection site typically included both the NAcore and ventromedial striatum. However the location of the optic fiber in the dlVP allowed selective stimulation of NAcore indirect projection since neither the medial striatum nor shell subcompartment of the accumbens (NAshell) strongly innervate this pallidal subregion (Heimer et al., 1991) . Figure 1C shows an example of the dense network of fibers in the dlVP containing GFP immune-staining following Figure 1 . Optogenetic inhibition of NAcore terminals in the ventral pallidum (VP) reduces cocaine-plus-cue-primed reinstatement. A, Active lever pressing during self-administration and extinction training for this group of rats (n ϭ 16). B, Immunestaining of ArchT-GFP expression after AAV microinjection into the NAcore. C, Immune-staining of ArchT-GFP-expressing fibers in the dlVP after virus injection in the NAcore. High magnification insert shows immunoreactive puncta indicative of axon terminations. D, Laser activation of ArchT in fibers entering the dlVP following virus injection into the NAcore reduced the amplitude of evoked IPSCs in dlVP neurons. Left, Mean Ϯ SEM of seven neurons. Right, Representative IPSCs. E, Laser light delivery to NAcore fibers terminating in the dlVP and expressing ArchT-suppressed cocaine-plus-cue-primed reinstatement (left). In contrast, illumination of control AAV5-GFP-transduced NAcore fibers in the VP had no effect on reinstated cocaine seeking (right). F, Locomotor activity measured over 120 min following a cocaine injection (15 mg/kg, i.p.) was not altered by ArchT activation in the dlVP. n shown in bars. AC, Anterior commissure. Scale bar, 300 m. *p Ͻ 0.05 compared with extinction levels of active lever pressing. ϩp Ͻ 0.05 comparing laser and sham treatments.
AAV-ArchT-GFP administration into the NAcore, and the highmagnification insert shows that much of the immune-staining was concentrated in puncta indicative of synaptic terminations. Whole-cell patch recordings from rats infected with AAVArchT-GFP in the NAcore revealed that light activation of ArchT-expressing fibers in the NAcore afferents significantly reduced evoked IPSCs measured in dlVP neurons ( Fig. 1D ; Wilcoxon p ϭ 0.002). The lack of complete inhibition of electrically stimulated IPSCs reflects the presence of significant uninfected GABAergic axon terminations in the dlVP. These inputs could be insufficiently infected MSN efferents from the accumbens, such as the dense dlVP innervation by the accumbens rostral pole (Zahm and Heimer, 1993) , or from dlVP interneurons or nearby GABAergic projection neurons providing lateral inhibition (Kupchik and Kalivas, 2013). Despite not being able to optogenetically inhibit all GABAergic input to the dlVP, Figure 1E shows a significant reduction in active lever-pressing produced by optical inhibition compared with sham treatment (Friedman statistic, 16.55, p Ͻ 0.001). Importantly, lever-pressing in the presence of optogenetic inhibition was not statistically different from extinction lever-pressing, supporting a critical role for NAcore GABAergic projections to the dlVP in reinstated lever-pressing. Reinstated lever-pressing was greater than extinction lever-pressing and equivalent between the light and sham treatment in animals infected with the control AAV-GFP ( Fig. 1E ; Friedman statistic, 6.50, p ϭ 0.042). To control for nonspecific effects on motor behavior, we showed that optical inhibition had no effect on cocaine-induced locomotion ( Fig. 1F ; paired t (11) ϭ 1.78, p ϭ 0.103).
Optical inhibition of the direct pathway
The NAcore also has a major projection to the medial SN, referred to as the direct pathway (Owesson-White et al., 2009; Watabe-Uchida et al., 2012). Figure 2 shows that inhibiting the direct projection from the NAcore to the SN did not reduce reinstated cocaine seeking. Figure 2A illustrates the selfadministration and extinction data for the group of animals used to study the direct projection. Figure 2 B, C shows examples of immune-staining for ArchT-GFP, indicating the location of AAV-ArchT-GFP infection in the NAcore and the location of densely expressed ArchT-GFP in fibers in the medial SN. The insert shows that most of the immune-staining in the SN was located in puncta indicative of axon terminations. To verify that opsin expression in NAcore neurons produced light-sensitive projections to the SN, additional animals were injected with AAV-ArchT-GFP in the NAcore, and slices of the SN were made. Figure 2D shows that evoked IPSCs were reduced during laser light delivery (t (6) ϭ 3.127, p ϭ 0.020). Figure 2E shows that laser reduced sIPSC frequency (t (8) ϭ 2.656, p ϭ 0.029), but not amplitude (t (8) ϭ 0.051, p ϭ 0.960), indicating that, as expected, the reduction in evoked IPSC amplitude likely resulted from presynaptic, not postsynaptic, inhibition. In contrast with the indirect pathway projections to the dlVP, Figure 2F shows that optogenetic inhibition of afferents to the SN did not inhibit reinstated cocaine seeking. Lever-pressing was equivalent and significantly above extinction baseline pressing regardless of whether the rats received light or sham treatments (Friedman statistic, 8.07, p ϭ 0.015, n ϭ 7).
Optical inhibition of dlVP and VTA inputs to the NAcore
The dlVP has a reciprocal GABAergic projection back to the NAcore (Hakan et al., 1992; Groenewegen et al., 1993; Churchill and Kalivas, 1994) . To test whether this projection plays a role in reinstatement, we microinjected AAV-ArchT-GFP into the dlVP and placed the optic fibers into the NAcore. Figure 3A shows the self-administration and extinction data for this group of animals. Immune-staining for ArchT-GFP confirmed strong expression at both the dlVP injection site ventral to the anterior commissure (Fig. 3B ) and the NAcore terminal field (Fig. 3C) . To verify that infection of this pathway produced light-sensitive inhibition of projections to the NAcore, additional animals were pretreated with AAV-ArchT-GFP in the dlVP, and slices of the NAcore were Figure 2 . Inhibition of NAcore terminals in the SN fails to block cocaine-plus-cue-primed reinstatement. A, Active lever-pressing during self-administration and extinction training for this group of rats (n ϭ 7). B, GFP expression in NAcore after ArchT-GFP injection into the NAcore. C, ArchT-GFP expression in fibers in the SN after virus injection in the NAcore. High-magnification insert shows immunoreactive puncta, indicative of axon terminals. D, Evoked IPSC amplitude measured in SN reticulata neurons was reduced by activating ArchT-expressing fibers labeled via virus injection in the NAcore (left, mean Ϯ SEM; right, representative IPSCs). E, Spontaneous IPSC frequency was reduced by inhibiting ventral pallidum fibers into the NAcore, ϩ p Ͻ 0.05 comparing laser to sham without changing amplitude. F, Inactivation of ArchT-expressing NAcore fibers in the SN failed to suppress cocaine-plus-cue-primed reinstatement. n shown in bars. AC, Anterior commissure. Scale bar, 300 m. *p Ͻ 0.05 compared with extinction levels of active lever-pressing.
made. Figure 3D shows evoked IPSCs were reduced during laser light delivery (Wilcoxon, p ϭ 0.004). Figure 3E shows that laser reduced sIPSC frequency, but not amplitude, indicating that the reduction in evoked IPSC amplitude likely resulted from presynaptic, not postsynaptic, inhibition. Interestingly, of the 10 neurons recorded, 7 showed a laser-induced reduction in sIPSC frequency (Wilcoxon, p ϭ 0.016), while 3 neurons showed a marked increase. The mechanism of this heterogeneity is not clear, but optical inhibition of dlVP GABAergic afferents could have disinhibited either nearby NAcore MSNs that provide lateral inhibition or GABAergic interneurons known to have high spontaneous activity (Pennartz et al., 1994) . Regardless of the mechanisms mediating the heterogeneous response, optical inhibition of dlVP projection to the NAcore failed to reduce cocaine-plus-cue-primed reinstatement and rats reinstated above extinction baseline regardless of the sham versus light treatment ( Fig. 3F ; Friedman statistic, 11.45, p ϭ 0.002).
Neurons in the VTA project densely to the NAcore (Swanson, 1982) and this projection is critical for the rewarding and reinforcing properties of cocaine (Koob and Volkow, 2010) . Systemic DA antagonists prevent psychostimulant-induced reinstatement (De Vries et al., 1999) , as do localized microinjections of DA receptor antagonists into the NAshell, basolateral amygdala, or PL, but not the NAcore (McFarland and Kalivas, 2001; See et al., 2001; Anderson et al., 2006) . Given the apparent lack of necessary involvement by DA in the NAcore in reinstated cocaine seeking, coupled with the emerging appreciation of more heterogeneous neurotransmission from the VTA to NAc that includes glutamate corelease with DA and GABAergic projections (Hnasko et al., 2010; Tecuapetla et al., 2010; Brown et al., 2012) , we sought to examine inhibition of this pathway to determine its role in reinstatement. Figure 4A shows the selfadministration and extinction training for this group of animals, and Figure 4 B, C shows examples of GFP expression from the AAV-ArchT-GFP injection site in the VTA and in fibers in the NAcore, respectively. Figure 4D demonstrates attenuation of cocaine-plus-cue-primed reinstatement by light activation of ArchT to the level of extinction lever-pressing (Friedman statistic, 13.56, p Ͻ 0.001). In contrast, animals infected with control AAV-GFP showed no effect of light delivery on reinstated cocaine seeking ( Fig. 4D; Friedman statistic, 9 .33, p ϭ 0.006) or an impact of light on cocaine-induced locomotion compared with sham ( Fig. 4E ; t (6) ϭ 1.012, p ϭ 0.351). Figure 5 shows the location of optical probe termination in each experiment. The area of illumination was estimated to be triangular from the tip of the histologically identified fiberoptic tip and to expand in a cone shape for ϳ0.5 mm in length and diameter at the most ventral penetration (Yizhar et al., 2011) . Fiber implantations in the ventral pallidum were tightly focused on the dorsal, subcommissural ventral pallidum receiving high-density innervation from the NAcore and largely Silencing of the return projection from the ventral pallidum to the NAcore has no effect on reinstatement of cocaine seeking. A, Active lever-pressing during self-administration and extinction training for this group of rats (n ϭ 9). B, GFP immunoreactivity in dlVP after ArchT-GFP injection. C, ArchT-GFP expression in fibers in the NAcore after virus injection in the dlVP. High-magnification insert shows immunoreactive boutons in the NAcore. D, Evoked IPSC amplitude of NAcore MSNs is reduced by activating ArchT-expressing fibers labeled from virus injections into the dlVP (left, mean Ϯ SEM; right, representative IPSC). E, Spontaneous IPSC frequency is altered by inhibition of ventral pallidum fibers into the NAcore, without changing amplitude. While the spontaneous frequency was reduced in seven MSNs (left), it was increased in three by inactivating dlVP inputs (right). F, Inactivation of ArchT-expressing fibers from the ventral pallidum in the NAcore fails to block cocaine-plus-cue-primed reinstatement of cocaine seeking. N is shown in bars. AC, Anterior commissure. Scale bar, 300 m. *p Ͻ 0.05 compared with extinction levels of active lever-pressing or baseline. ϩp Ͻ 0.05, comparing sham to laser.
Histology
lacking neurons projecting to the medial thalamus that could be considered direct pathway projections ( Fig. 5A ; Smith et al., 2013) . Fiber implantations into the ventral mesencephalon focused largely on the border between the medial SN and VTA (Fig. 5B) . In the NAcore, fibers were localized to the dorsal half of the nucleus, more frequently in the medial than the lateral quadrant (Fig. 5C,D) .
Discussion
We used a cocaine-plus-cue reinstatement model in rats trained to self-administer cocaine (Shaham et al., 2003) to show that inhibiting fibers in the indirect pathway from the NAcore to the dlVP reduced reinstated cocaine seeking while inhibiting direct pathway projections to the medial SN was without effect. We also examined two primary afferents to the NAcore, and showed that inhibiting VTA afferents prevented reinstatement, while inhibiting the reciprocal projection back from the dlVP was without effect. Together with findings from our previous optogenetic study using the same relapse model (Stefanik et al., 2013) , these data define a circuit that needs to be active to initiate cocaineplus-cue-induced reinstatement of cocaine seeking. Figure 6 shows that this circuit includes NAcore inputs from the PL and VTA, and efferent projections through the indirect pathway to the dlVP.
Involvement of the direct versus indirect pathways in cocaine reinstatement
Striatal MSNs are characterized as having efferent projections through the direct pathway to the ventral mesencephalon (VTA and SN) and via the indirect pathway to the pallidum (ventral and globus pallidus; Gerfen and Surmeier, 2011). In the dorsal striatum, contributions to the direct and indirect pathways are almost entirely segregated according to whether the MSNs express D1 or D2 DA receptors (Le Moine and Bloch, 1995; Gerfen and Surmeier, 2011) . D1-expressing MSNs project through the direct pathway to the SN, while D2 MSNs project through the indirect pathway to the globus pallidus (Gerfen et al., 1990) . However, retrograde, double-labeling studies reveal that while MSNs in the accumbens expressing D2 mRNA project selectively through the indirect pathway to the ventral pallidum, D1-expressing MSNs project heavily through the both indirect and direct pathway to innervate the ventral pallidum, VTA, and medial SN (Lu et al., 1998; Zhou et al., 2003) . Thus, diminishing reinstated cocaine seeking by optogenetically inhibiting NAcore indirect projections to the dlVP does not inform whether inhibiting one or both D1-expressing or D2-expressing MSNs is responsible. However, an emerging literature using D1-Cre or D2-Cre transgenic mice or cell-specific viral infection generally shows that activating D1 MSNs potentiates cocaine reward and locomotor sensitization, while activating D2-MSNs reduces cocaine reward and locomotor sensitization (Lobo et al., 2010; Ferguson et al., 2011; Lobo and Nestler, 2011 ). This conclusion is consistent with a recent study in which selective activation or inhibition of D2-expressing MSNs inhibited or potentiated, respectively, compulsive cocaine self-administration (Bock et al., 2013) . Combined with our findings showing a critical role of NAcore projections through the indirect pathway to the dlVP, it seems likely that the accumbensto-dlVP projection may provide a nuanced regulation of reinstated cocaine seeking by both D1-expressing and D2-expressing neurons. A multifaceted equilibrium between D1 and D2 MSN Figure 5 . Location of fiber-optic termination in the NAcore, dlVP, and medial SN for each experiment. Triangle shape shows the approximate predicted perimeter of laser light diffusion in the brain. Cone shape expands for ϳ0.5 mm in length and 0.5 mm in diameter from the most ventral penetration of the optic fiber. Accordingly, in Figure 5 , the apex of the triangle corresponds with the histologically identified ventral point of the optic fiber and triangle illustrates the approximate shape and size of the illuminated tissue. A, Locations of optic fiber in the ventral pallidum (VP) following virus injection into the NAcore (Fig. 1) . The thick red line illustrates the division between the dlVP (located dorsal to the line and below the anterior commissure) and the rest of the VP. This line was drawn based on the location of the most dense enkephalin immunoreactivity (Tripathi et al., 2010; Kupchik and Kalivas, 2013) combined with retrograde tracing studies showing the dlVP projects almost entirely through the indirect circuit, while a portion of the neurons in the remainder of the VP project within the direct circuit to the mediodorsal thalamus (Bell et al., 1995; Churchill et al., 1996) . B, Locations of fiber-optic termination in the SN following virus injection into the NAcore from experiment shown in Figure  2 . C, Fiber-optic termination in the NAcore following virus injection in the VP, an experiment shown in Figure 3 . D, Termination of the optic fiber in the NAcore following ArchT injection in the VTA, as shown in Figure 4 . Schematic coronal sections were taken from Paxinos and Watson (2005) . The numbers refer to location of the coronal section in millimeters relative to bregma. et al., 2013) and VTA converge on the NAcore, which sends an indirect pathway projection to the ventral pallidum, initiating drug seeking. In contrast, activity in the direct projections from the NAcore to the SN is not necessary for reinstated cocaine. Arrows indicate the direction of the projection. Red solid arrows indicate projections in which activity is required for cocaine-plus-cue-induced reinstatement, while dashed arrows identify activities that are not necessary for the behavior.
NAcore inputs to the dlVP mediating reinstated cocaine seeking is supported by the fact that although D1 and D2 MSNs are GABAergic, they are differentially enriched in neuropeptide cotransmitters that can presynaptically and postsynaptically modulate GABA synaptic transmission (Curran and Watson, 1995; Zahm et al., 1996) . The relevance of these cotransmitters to reinstatement is indicated because D2 neurons coexpress preproenkephalin (Curran and Watson, 1995) and opioid receptor inhibition of GABA release in the ventral pallidum is necessary for reinstated cocaine seeking (Tang et al., 2005) . Neurotensin is also largely in D2 neurons (Delle Donne et al., 1996) , but promotes GABA release in the dlVP and inhibits cue-induced reinstatement, while potentiating cocaine-induced reinstatement (Torregrossa and Kalivas, 2008) . Finally, substance P and cocaine-regulated and amphetamine-regulated transcript (CART) are colocalized with GABA in D1 neurons and innervate the ventral pallidum (Hubert and Kuhar, 2005; Commons, 2010) . When microinjected into the ventral pallidum, substance P induces place preference and CART inhibits cocaine-induced locomotion (Commons, 2010; Hubert et al., 2010) .
Another level of intricacy is that the ventral pallidum is topographically complex with the rostral and caudal regions that are preferentially filled with neuronal populations having distinct electrophysiological profiles (Kupchik and Kalivas, 2013) , and mediating distinct reward-related behaviors (Smith et al., 2009) . Finally, it is important to note that while the direct pathway from the NAcore to SN is not critical for cocaine-plus-cue-induced reinstatement, the role of the NAshell projection to the adjacent VTA is a direct pathway that may be more critically involved since cue-induced reinstatement is correlated with the extent of Fos expression in NAshell MSNs retrogradely labeled from the VTA (Mahler and Aston-Jones, 2012) , and in the present study we show that optical inhibition of VTA projections to the NAcore prevents reinstated cocaine seeking.
Involvement of the VTA projections to the NAcore in reinstatement
The virus used in our experiments (AAV2-CAG-ArchT) codes for a constitutive promoter capable of infecting and expressing ArchT in all neurons within the vicinity of virus delivery. This method allows for robust expression of the opsin at the injection site and the ability to confer specificity of inhibition by the placement of the optic fiber in the corresponding terminal field, limiting inactivation to only fibers expressing ArchT. While we are able to control the inhibition of VTA fibers in the NAcore, this methodology does not allow us to determine precisely which neurotransmitter is driving the observed behavior, which could include DA, glutamate, and/or GABA (Kim et al., 2010; Brown et al., 2012; van Zessen et al., 2012) .
Given the abundance of data showing that pharmacological inactivation of the VTA prevents reinstated cocaine seeking (Kalivas and Volkow, 2005; Koob and Volkow, 2010) , it is not surprising that optically inhibiting the VTA afferents to the NAcore blocked reinstated cocaine seeking. However, previous studies have shown that inhibiting D1 or D2 receptors in the NAcore does not alter reinstated cocaine seeking, while blocking D1 or D2 receptors in the NAshell reduces reinstatement (McFarland and Kalivas, 2001; Anderson et al., 2003 Anderson et al., , 2006 McFarland et al., 2004) . This apparent paradox may be resolved by the fact that the NAcore not only receives dopaminergic, but also GABAergic and glutamatergic projections from the VTA (Kim et al., 2010; Stuber et al., 2010; Brown et al., 2012; van Zessen et al., 2012). The release of glutamate from VTA afferents may be particularly important since blocking AMPA glutamate receptors in the NAcore prevents reinstated cocaine seeking Wolf, 2010) . Also, operant responding for reward can be promoted or inhibited equally by optogenetically regulating glutamatergic afferents to the NAshell regardless of whether they arise from the hippocampus, amygdala, or PL, indicating that regardless of the source, glutamate release into the accumbens facilitates reward behavior . Alternatively, a role for inhibiting the GABAergic projection is indicated by the recent demonstration that GABAergic afferents to the nucleus accumbens from the VTA synapse almost exclusively on cholinergic interneurons (Brown et al., 2012) . Acetylcholine transmission in the accumbens inhibits cue-induced heroin reinstatement (Zhou et al., 2007) . Thus, optogenetically inhibiting the VTA could disinhibit the activity of the cholinergic interneurons and thereby reduce reinstated cocaine seeking.
Technical concerns
Given that, in addition to axon terminals, optical inhibition is also produced in opsin-infected fibers of passage, it is possible that some D1-expressing axon fibers coursing through the ventromedial ventral pallidum to SN may have been silenced (Groenewegen and Russchen, 1984) . However, the lack of effect by directly inhibiting D1-expressing terminations in the medial SN argues that any silencing of these axons of passage is not contributing to the inhibition of reinstated cocaine seeking. Furthermore, the location of optic fiber tips in the dorsal aspect of the dlVP makes less likely significant silencing of the D1-expressing fibers that pass more densely through the ventral pallidum (Heimer et al., 1991) .
Conclusions
Our data show that neuronal activity in the indirect projection from the NAcore to the dlVP is necessary for reinstated cocaine seeking. Since activity in D1-expressing MSNs is necessary for cocaine reward and sensitization (Lobo et al., 2010; Ferguson et al., 2011; Lobo and Nestler, 2011) , we were surprised to find that activity in the direct pathway projection to the medial SN was not necessary, especially since activity in direct pathway projections from the NAshell to the VTA is associated with cocaine reinstatement (McFarland et al., 2004; Mahler and Aston-Jones, 2012 ). However, a previous pharmacological inactivation study reveals that the VTA likely has a more significant role than the medial SN in regulating cocaine-plus-cue-reinstated cocaine seeking (McFarland and Kalivas, 2001 ), and we found here that activity in the VTA projection to the NAcore was necessary for reinstatement. Figure 6 shows the movement of information regulating reinstated cocaine seeking from the VTA to NAcore to dlVP. Given the efficacy of optical inhibition in the VTA-to-NAcore pathway to inhibit reinstated cocaine seeking, and the previously reported lack of effect by dopamine antagonists in the NAcore (McFarland and Kalivas, 2001; Anderson et al., 2003 Anderson et al., , 2006 , future studies need to address the relative roles of DA, glutamate, and GABA released from VTA afferents into the NAcore during reinstatement.
